Communication between the central nervous and the immune system occurs through chemical messengers secreted by nerve cells, endocrine organs, or immune cells. Psychological stressors can disrupt these networks. We have previously observed that disruption of the neuroendocrine immune system adversely influences a broad range of physiological processes including wound healing. Migration of neutrophils to the wound site is an early event that induces a transcriptional activation program, which regulates cellular fate and function, and promotes wound healing. In this study, we have sought to identify stress-sensitive transcripts in wound site neutrophils. A skin blister model was used to collect wound fluid and wound site neutrophils from four young men, experiencing or not examination stress. Self-reported stress was recorded using the Beck Depression Inventory. Stress decreased growth hormone levels at the wound site and was related to impaired wound healing in all subjects. High density microarray analyses were performed using RNA from wound site neutrophils. Results show that psychological stress had an overall suppressive effect on the neutrophil transcriptome. Of the 22,283 transcripts screened, 0.5% were downregulated whereas only under 0.3% were induced by stress in all four out of four subjects. Functionally, stress tilted the genomic balance towards genes encoding proteins responsible for cell cycle arrest, death, and inflammation. Further effort to gain a more comprehensive understanding of the functional significance of such behavior-genome interaction is warranted.
Also, chronic stress associated with spousal caregiving downregulates growth hormone expression in peripheral blood lymphocytes (29) .
Communication between the CNS and the immune system occurs through chemical messengers secreted by nerve cells, endocrine organs, or immune cells, and psychological stressors can disrupt these networks (37) . Disruption of the neuroimmune system adversely influences a broad range of physiological processes including wound healing (21) . Chronic problem wounds are almost inevitably associated with psychological distress. Our laboratory has presented first evidence demonstrating that psychological distress associated with such stressors as taking academic examinations or caregiving for a family member with dementia can result in delays in wound healing ranging from about 24% to 40% (21, 31) . For example, women who provided care for a spouse or parent with Alzheimer's disease took 9 days longer to completely heal a 3.5-mm punch biopsy than well-matched noncaregivers (21) . More recent works have confirmed our findings demonstrating that psychological stress impairs wound repair in patients following surgery (7) .
Distress-related immune dysregulation has emerged as a core mechanism behind a diverse set of health risks ranging from cardiovascular disease to frailty and functional decline (22) . Such observation necessitates the elucidation of molecular bases of how psychological stress disrupts physiological processes. We have been studying the mechanisms to understand how stress can affect the early phases of wound healing using a blister wound model (17, 24) . Using this model it has been shown that neutrophils are one of the first cells to arrive at the wound site and the number of neutrophils steadily increases over the first 24 h. Recently it has been demonstrated that the migration of neutrophils to the wound site induces a transcriptional activation program, which regulates cellular fate and function, and promotes wound healing (49) . Thus, we have sought to identify stresssensitive transcripts in wound site neutrophils. Skin blisters induced by suction on the forearm of normal volunteers provide a powerful model to study the inflammatory response in vivo in human subjects. This approach enables the harvest of wound site neutrophils for cellular and molecular studies (24) . Previously, we have utilized this approach to elucidate the effects of stress on the dysregulation of proinflammatory cytokines at the wound site (17) . In this study, we employ the high-density DNA microarray approach to identify stress-sensitive genes in the wound site neutrophils of young medical students subjected to examination stress. Examination stress has been shown by our laboratory and others to be a good model to study stress-induced immune dysregulation (16, 44) .
MATERIALS AND METHDOS

Subjects
The participants were medical students who responded to announcements for a study on wound healing. Notices had been placed in the community, hospital, and university newspapers. The original cohort was 57 subjects. Of those, 13 signed a consent form for the current study. All subjects were males. Of the 13, four subjects who most prominently exhibited stress-induced impairment of healing and elevated Beck depression inventory (3) were selected for this study. One subject (#745) was admitted to the University's General Clinical Research Center (GCRC) during low-stress period (baseline) and approximately 1 month before exams (high stress). The other three subjects (#754, #755, and #764) provided blood samples during the higher stress period and then again afterward at a low-stress period.
Suction Blister Protocol
The suction blister protocol was performed similarly as described previously (17) . All protocols were approved by the University's Institutional Review Board. Briefly, participants were admitted to the GCRC. Nurses attached a vacuum pump and template to raise blisters on the arm, after which the epidermal blister roofs were removed, and the blister chamber taped to the participant's arm. The chambers were filled with a mixture of 70% autologous serum in Hank's balanced salt solution (HBSS). Fluid was aspirated from blister chambers using a syringe 22 h after raising the blisters. The healing process was subsequently measured as described previously (17) .
Assessment of Stress, Depressive Symptoms, Loneliness, and Health-Related Behaviors
The Beck Depression Inventory (BDI) provided information on the severity of depressive symptoms (3). The 13 items on the short BDI cover effective, cognitive, and vegetative symptoms (17) .
Wound Cell Population Analysis With Flow Cytometry
A nurse at the GCRC harvested chamber fluid containing neutrophils (17) that migrated into the wound 22 h after wounding. At that time point, greater than 90% of the cells found in the chamber have been verified to be neutrophils (17, 24) .
GENE-STRESS INTERACTIONS IN WOUND HEALING 3
A hemocytometer was used to obtain a cell count. A volume containing 8 × 10 5 cells was removed and centrifuged. The chamber fluid was aspirated off and the cell pellet was resuspended with HBSS (without Ca and Mg) at a concentration of 1 × 10 5 cells per 0.1 ml. To check for T cells, 1 × 10 5 cells were surface stained with CD4 FITC, CD8 PE, CD3 cychrome, and CD45 APC antibody (BD BioSciences Phar Mingen, San Diego, CA). Cells (1 × 10 5 ) were stained for the appropriate isotype. The remaining cells were surface stained with CD13 PE, CD14 APC, and a fluorescein-conjugated antibody against CD62L, CD35, CD11a, CD11b, or CD16 (BD BioSciences Phar Mingen) and incubated in the dark at room temperature for 15 min. The cells were incubated in the dark with 0.1 ml of OptiLyse B (Beckman Coulter, Miami, FL) for 10 min and then 1 ml of deionized water was added. Analysis was done using a FACSCalibur (BD BioSciences). As reported previously, over 95% of the cells collected represented neutrophils (17, 24) .
Assay for Human Growth Hormone
Human growth hormone (GH) was measured using the human GH chemiluminescence kit (Nichols Institute). Sample levels were read and calculated with the System Luminometer 400 (Nichols Institute). The intra-assay coefficient of variation was 4.6% and the interassay coefficient variation was 8.6% using control samples at the low, mid, and high regions of the standard curve. The sensitivity of the assay was 0.005 ng/ml, which was adequate for each of the samples acquired. All the samples from a subject were evaluated in the same assay.
GeneChip Probe Array Analyses
RNA Extraction. Cells were lysed in Trizol reagent (Invitrogen, Carlsbad, CA) for total RNA extraction. Total RNA was extracted from samples according to the manufacturer's suggestion for small quantity RNA isolation. RNA was dissolved in 0.025 ml of nuclease free H 2 O and stored at −80°C until further analysis.
Sample Clean-up. After Trizol extraction, the samples were cleaned up using Absolutely RNA RT-PCR Miniprep Kit (Stratagene) with DNase treatment according to the manufacturer's specifications.
RNA Quantification. Quantification of RNA after clean-up was accomplished using the RediPlate 96 RiboGreen RNA Assay Kit (Molecular Probes), which provides nanogram sensitivity of RNA concentrations from small samples. The RediPlate 96 RiboGreen RNA Assay Kit is a highly sensitive fluorescence-based microplate assay for quantitating RNA. The kit uses a proprietary RiboGreen reagent, a nucleic acid stain that shows bright green fluorescence upon binding to RNA.
Target Labeling for GeneChip Analysis Using Nanogram Amounts of RNA Samples. For expression profiling using GeneChip probe arrays, RNA was amplified and labeled according to the GeneChip Eukaryotic Small Sample Target Labeling Assay Version II (Affymetrix). This protocol has been optimized to reproducibly amplify RNA from 10 to 100 ng of total RNA and is based on the principle of performing two cycles of cDNA synthesis and in vitro transcription (IVT) reactions for target amplification. cDNA synthesis and IVT reactions have been previously described (39, 40) . All reagents and procedures were followed according to the manufacturer's specifications.
Hybridization. To assess sample quality, the labeled samples were hybridized for 16 h at 45°C to GeneChip test arrays. Satisfactory samples were hybridized to the Human Genome arrays (HG-U133A) for the screening of over 22,000 genes and ESTs. The arrays were washed, stained with streptavidin-phycoerythrin, and were then scanned with the GeneArray scanner (Affymetrix) in our own facilities.
Data Analyses. Raw data were collected and analyzed using Affymetrix Microarray Suite 5.0 (MAS) and Data Mining Tool 2.0 (DMT) software. Additional processing of data was performed using dChip software (27) . A detailed analysis scheme is illustrated in Figure 1 . Statistical (t-test) and comparison analyses were the two approaches utilized to identify differentially expressed genes (40) . The t-test was performed using DMT on absolute files generated from MAS. Transcripts that significantly (p < 0.05) changed (increased or decreased) in the poststress samples compared to the pair-matched baseline samples were selected. Next, dChip (v 1.3, Harvard University) software was employed to further filter genes using following criteria: i) fold change >0.5; ii) t-test, p < 0.05; and iii) present call in all experimental (stress) samples for upregulated genes, and present call in all baseline (control) samples for downregulated genes. False discovery rate was determined to be less than 5% using dChip. Using comparison analysis in MAS, four pair-wise comparisons were generated from replicates of each stress and its baseline sample. Average fold changes were calculated for both up-and downregulated genes. To minimize false Figure 1 . GeneChip TM data analysis scheme. GeneChip TM data analysis scheme used to identify differentially expressed genes in subjects under stress (examination) compared to baseline values as described. Data processing was primarily performed using Microarray Suite v 5.0 (MAS) and Data Mining Tool v 2.0 (DMT) software. Additional data filtration was performed with dChip using the following criteria: i) fold change >1; ii) t-test, p < 0.05; and iii) present call in all stress samples for upregulated genes; vice versa present call in all baseline control samples for downregulated genes. False discovery rate was <5%. Details of software and other resources for data analysis are provided in Materials and Methods. ↑ increases and ↓ decreases in response to examination stress. One subject (#745) was admitted to the GCRC during low-stress period (baseline, A) and approximately 1 month before exams (high stress, B). The other three subjects (#754, #755, and #764) provided blood samples during the higher stress period (A) and then again afterward at a low-stress period (baseline, B). discovery rate genes with 100% (four out of four pairs) concordance in pair-wise comparisons were selected. Using this approach, chances of detecting false positive is one out of eight measurements. For data visualization genes, filtered statistically (t-test), were subjected to hierarchical clustering using dChip (v 1.3) software. Functional categorization was performed using the following software/Web resources: Gene Ontology Data Mining Tool (Affymetrix), KEGG (Kyoto Encyclopedia of Genes and Genomes), Gen-MAPP (9), DAVID (Database for Annotation, Visualization, and Integrated Discovery Verification) (10), and LocusLink (Swiss-Prot). Because of the limited sample RNA amount (low nanogram), there was not enough material to conduct real-time PCR verification of microarray findings. White blood cells harvested from the peripheral blood of the same men were subjected to real-time PCR analyses using methods described previously.
RESTULS
Three out of four subjects in this study had clear differences in self-reported stress between the two time points. Reported stress and depression were higher at the stress visit ( Fig. 2A) . The time to 90% healing of the blister sites of all four subjects was significantly longer when wounds were made at the stress time point compared to outcomes under baseline conditions (Fig. 2B ). Stress-induced impaired healing was associated with lower levels of GH in the wound fluid (Fig. 3) . Impairment of wound healing as well as lower GH levels in the wound fluid were also observed in the subject (#754) who did not self-report stress. Microarray results show that psychological stress had an overall suppressive effect on the neutrophil transcriptome. Of 22,283 transcripts screened, 0.5% transcripts were downregulated whereas only under 0.3% of all transcripts were induced by stress (Tables 1 and 2 ). This overall suppressive effect of stress on the transcriptome was statistically significant (not shown). Strikingly, these changes exhibited 100% (four out of four subjects) concordance, indicating a highly reliable response (Fig. 4) . Functionally, 12 specific categories of genes were downregulated in response to stress. These categories are represented by apoptosis/cell cycle, cell adhesion/motility/growth, electron transport, fatty acid/carbohy- The 13 items on the short-form BDI cover affective, cognitive, and vegetative symptoms. The subjects had clear differences in self-reported stress between the two visits while reported stress and depression were higher at the stress visit. These were not significantly different from the depressive symptoms, higher in three of the four subjects at the stress visit; the fourth student reported no symptoms at either visit. drate metabolism, golgi/hydrolase, immune/defense/ inflammation, nucleic acid binding/metabolism, protein metabolism, receptor activity, signal transduction/ transcription, transport, and miscellaneous (Table 1) .
In the apoptosis/cell cycle category, the most prominent stress-sensitive candidate gene was the interleukin-1β converting enzyme caspase 1. The next candidate gene in this category was cyclin G2 (CCNG2). The cyclin G1 homologue, cyclin G2, exhibits 60% nucleotide sequence identity and 53% amino acid sequence identity with cyclin G1, and like cyclin G1, exhibits closest sequence identity to the cyclin A family. Cyclin G2 is an unconventional cyclin highly expressed in postmitotic cells (30) . The most prominent stress-sensitive gene in the cell adhesion/motility/growth category was annexin A1. Annexins are widely distributed and have been described in lung as well as in other cells and tissues. Annexin A1 (ANX-1), a calcium-dependent, phospholipid binding protein, is known to be involved in diverse cellular processes, including regulation of cell growth and differentiation, apoptosis, and inflammation. Expression of this gene is known to be triggered in response to injury (28) . Annexin A1 is thought to represent an endogenous anti-inflammatory mechanism (36) . Downregulation of annexin AI expression causes epithelial dysplasia (15) . Recent studies with annexin AI-deficient mice show that loss of annexin AI expression may impair phagocytotic ability of cells (51) .
The electron transport category had two genes that exceeded the onefold change. The highest magnitude change was exhibited by the mitochondrial enzyme ATP synthase H + transporting mitochondrial F1 complex gamma polypeptide 1 (ATP5C1), and ubiquinolcytochrome c reductase core protein II (UQCRC2). ATP5C1 is a mitochondrial ATP synthetase. UQCRC2 participates in aerobic respiration, electron transport, oxidative phosphorylation, proteolysis, and peptidolysis (GO database). Ubiquinol-cytochrome c reductase core protein II is a component of mitochondrial respiratory complex III (19) . In the fatty acid/carbohydrate metabolism category, the effects were consistent with the observations in the energy metabolism category. Genes encoding the mitochondrial protein malic enzyme 2 were downregulated in response to stress. In the golgi/hydrolase category, the top stresssensitive candidate was DEAH (Asp-Glu-Ala-His) box polypeptide 40 (DHX40).
In the immune/defense/inflammation category, the expression of three genes was suppressed by stress by over onefold. On a fold change basis, the most stress-sensitive candidate in this category was tolllike receptor 1. Toll-like receptor 1 has been annotated in GO database to possess the following functional properties: activation of NF-κB-inducing kinase, detection of triacylated bacterial lipoprotein, immune response, macrophage activation, positive regulation of interleukin-6 biosynthesis, and positive regulation of tumor necrosis factor-α biosynthesis. The two remaining stress-sensitive genes in this category were represented by the chemokine (C-X-C motif) receptors. The bone marrow is the primary site for neutrophil production and release into the circulation. The CXC chemokine receptor-4/stromal derived factor-1 (CXCR4/SDF-1) axis plays a central role in the interactions of hematopoietic stem cells, lymphocytes, and developing neutrophils in the marrow. Recently it has been demonstrated that the CXCR4/SDF-1 axis is critical in circulating neutrophil homeostasis and that it may participate in the rapid release of neutrophils from the marrow during inflammation through interaction with inflammatory CXC chemokines (47) . The next category of genes downregulated in wound site neutrophils in response to stress was represented by the genes encoding for nucleic acid binding/metabolism (Table 1) . On the basis of the magnitude of fold change, one of the most prominent candidate genes in this category was the 9-kDa signal recognition particle SRP9. The signal recognition particle (SRP) is a ribonucleoprotein complex that recognizes signal sequences as they emerge from the ribosome. The mammalian SRP catalytically promotes cotranslational translocation of signal sequence containing proteins across the endoplasmic reticulum membrane. While the S-domain of SRP binds the N-terminal signal sequence on the nascent polypeptide, the Alu domain of SRP temporarily interferes with the ribosomal elongation cycle until the translocation pore in the membrane is correctly engaged (38) . Another candidate gene in this category was represented by the high mobility group nucleosomal binding domain Figure 4 . Heat map illustrating stress-sensitive genes in wound site neutrophils. GeneChip microarray analysis was performed using RNA extracted from cells harvested after 22 h of suction blister wounding. For a clear graphic display of stress-sensitive genes, t-test was performed on data from wound site neutrophils of subjects under baseline (745A, 754B, 755B, 764B) or following stress (745B, 754A, 755A, 764A) conditions. The genes that significantly (p < 0.05) changed between the two groups compared were selected and subjected to hierarchial clustering using dChip software as described in Figure 3 . Red to green gradation in color represents higher to lower expression signal. (A) Upregulated and (B) downregulated genes in response to stress compared to paired longitudinal baseline samples.
(HMGN4)
. HMGN4 is closely related to the canonical HMGN2 nucleosome binding protein. The protein is encoded by an intronless gene, which, in humans, is located in the hereditary hemochromatosis region at position 6p21.3. A single approximately 2-kb HMGN4 mRNA was found to be expressed, in variable amounts, in all human tissues tested (6) . The functional significance of HMGN4 remains to be established.
In the category of protein metabolism, several genes encoding proteins involved in proteosomal processing of proteins were downregulated in response to stress. Macropain or prosome represented one of the most prominent stress-sensitive genes in this category. It is a cytosolic proteosome regulatory particle (GO database). In the signal transduction/transcription category, the most prominent gene that was downregulated by over onefold was zinc finger protein 9 (ZNF9). In the transport category, the most prominent candidate gene was represented by the potassium channel tetramerisation domain containing 12 (KCTD12). This gene was downregulated by stress by 2.89-fold. The product of this gene regulates voltage-gated potassium channel activity (GO database). In the cluster of genes presented in the miscellaneous category, changes were significant but modest in magnitude not exceeding the onefold mark.
Of the 22,283 transcripts screened, 0.3% transcripts were upregulated in wound site neutrophils in response to psychological stress ( Table 2 ). These stress-induced transcripts were functionally split into the following 12 categories: angiogenesis, apoptosis/ cell cycle arrest, cell adhesion, cell cycle/growth/motility, glutathione metabolism, immune/stress/defense response, metabolism, nucleic acid metabolism, protein metabolism, signal transduction/transcription, transport, and miscellaneous. In the angiogenesis category, tumor necrosis factor α-induced protein 2 (TNFAIP2) was the most stress-induced gene. TNFAIP2, originally identified as a tumor necrosis factor α-inducible gene in endothelial cells, is thought to support angiogenesis (43) . In the apoptosis/cell cycle arrest category, DEAD box polypeptide 27 (DDX27) was most affected by stress. DDX27 encodes a nuclear protein that is nucleic acid binding, ATP binding, possess ATP-dependent helicase activity and hydrolase activity (GO database). In the cell adhesion category of stress-inducible genes, C1QR1 (complement component 1, q subcomponent, receptor 1) appeared as the sole candidate. C1QR1 encodes a membrane protein with receptor activity. The receptor plays a role in phagocytosis, cell adhesion, and macrophage activation (GO database). In the cell cycle/growth and motility category, the only gene upregulated by stress beyond onefold was MARCKS (myristoylated alaninerich protein kinase C substrate). This membrane protein is believed to regulate cell motility (GO database). Several γ-glutamyltransferase genes were upregulated by stress in the glutathione metabolism category. The primary role of cellular γ-glutamyltransferase is to metabolize extracellular reduced glutathione (GSH), allowing for precursor amino acids to be assimilated and reutilized for intracellular GSH synthesis. γ-Glutamyltransferase is known to be stress inducible (20, 32, 33) .
In the category of immune/stress/defense response, four genes were upregulated above onefold magnitude in response to stress. The gene encoding interleukin 1 receptor antagonist (IL-1RA) was most stress sensitive. The IL-1RA family of molecules now includes one secreted isoform (sIL-1RA) and three intracellular isoforms (icIL-1RA1, 2, and 3). The sole biological function of sIL-1RA is to competitively inhibit IL1 binding to cell-surface receptors. Maintenance of a balance between IL-1 and IL-1RA is important in preventing the development or progression of inflammatory disease in certain organs. Excessive IL-1RA in response to stress may perturb that homeostasis. Restoration of the balance between IL-1RA and IL-1 through a variety of approaches is a therapeutic goal in specific chronic inflammatory diseases (50) . Among all stress-induced genes listed in the nucleic acid metabolism category, an exosome component 4 (EXOSC4) was most prominent. Exosomes are exonucleases that support the degradation of mRNA. In the protein/amino acid metabolism category, genes encoding proteins for proteolytic degradation were upregulated in response to stress.
Signal transduction/transcription represented the functionally defined category of stress-inducible genes with most candidates. In this category, the gene encoding ral guanine nucleotide dissociation stimulator (RalGDS) exhibited most prominent response to stress. The RalGDS is a guanine nucleotide dissociation stimulator that activates the Ral protein, a Ras-like small GTPase. Under basal conditions in human neutrophils, Ral-GDS is localized to the cytosol and remains inactive in a complex formed with β-arrestins. In response to receptor stimulation, β-arrestin Ral-GDS protein complexes dissociate and Ral-GDS translocates with β-arrestin from the cytosol to the plasma membrane, resulting in the Ras-independent activation of the Ral effector pathway required for cytoskeletal rearrangement (5), a key event in phagocytosis. The next candidate gene in this category was the zinc finger transcription factor early growth response 1 (Egr1). Microarray studies have identified Egr-1 as a key mediator of inflammation and apoptosis (13) . This gene encodes a membrane protein AFURS1, which is thought to have a role in cellular aging (18) . The miscellaneous category represented the largest list and was made up of several transcripts for which biological function is yet to be assigned. Among those for which the functions are better know, neuropathy target esterase (NTE) represents a candidate that was stress inducible. NTE possesses serine esterase activity and is implicated in neuropathies and neurodegeneration.
The suction blister chamber model represents a powerful approach to collect neutrophils that have marginated to the wound in humans. The primary limitation of this model is the limited availability of neutrophils and therefore limited yield of genetic material. While the material obtained may be utilized to run a microarray study, there remains no additional sample for postmicroarray verification using quantitative assays for the assay of individual genes. With this practical limitation in place, we chose to harvest peripheral blood leukocytes (PBL) from the same individuals. Using a similar data analysis design as used in this study (Fig. 1) , we have previously observed that candidate genes derived from microarray analysis are reliably verified using real-time PCR assays (41, 42) . In this study, we noted that the stresssensitive candidate genes obtained using the microarray approach (Tables 1 and 2 ) did not change in the PBL collected from the general circulation (not shown), indicating that the biology of wound-marginated neutrophils is not comparable to that of neutrophils in general circulation.
DISCUSSION
This work represents a follow-up of previous work by this group demonstrating that psychological distress associated with stressors such as taking academic examinations or caregiving for a family member with dementia can result in delays in wound healing (21, 31) . For example, women who provided care for a spouse or parent with Alzheimer's disease took 9 days longer to completely heal a 3.5-mm punch biopsy than well-matched noncaregivers (21) . Also, compared to controls, caregivers' PBLs exhibited a decreased ability to express the IL-1β gene in response to lipopolysaccharide stimulation in vitro. Similar results were obtained in a follow-up study showing an effect of academic stress on the rate of healing of a mucosal wound (31) . Additionally, results obtained using a mouse model for stress and wound healing suggest a possible link between delayed wound healing and immune/cytokine dysregulation (34) . Such stress-induced impairment of dermal wound healing may be corrected by local changes at the wound site, confirming that psychological stress has a direct impact on the wound milieu (14) . Psychological stress impaired the healing and downregulated the levels of GH in the wound fluid in all four subjects. Yet one out of four subjects did not report any examination stress. The Beck Depression Inventory is a concise yet comprehensive tool guided by a strong theoretical premise. This scale has proven to be a valuable tool for use with youth by clinicians in various mental health disciplines (45) . Of note, men tend to underreport stress more than women (23) . Although all four subjects in the study exhibited comparable impairment in wound healing and depressed GH response, the disparity in Beck Depression Inventory may be attributed to subjective perception and reporting style of each individual.
It is widely held that GH facilitates wound healing. Treatment with recombinant GH has been used in patients with severe burn injuries, and in most studies enhanced rates of wound healing and patient survival were observed (26) . Furthermore, GH may conditionally support granulation tissue formation and biomechanical wound strength in animal models of impaired healing (46) . Many of the biological effects of GH are mediated by the insulin-like growth factor (IGF) system, suggesting that this might also be a mechanism of GH action in the skin. IGF-I is a mitogen for keratinocytes, and it stimulates collagen, glycosaminoglycan, and proteoglycan synthesis by dermal fibroblasts (25) . At the wound site, the exact contribution of marginated neutrophils is unclear. However, it is well documented that wound site neutrophils play a key role in wound disinfection (2) . Other putative roles of neutrophils at the wound site include facilitation of reepithelialization (12) . Migration of neutrophils from blood into tissue is a complex response by circulating cells to chemotactic stimulation. Once at the wound site, the biology of neutrophils is clearly different from cells circulating in the blood. Wound site neutrophils are primed while those in general circulation are not (35) . Our unpublished findings representing lack of match between the gene expression profile of wound site neutrophils compared to cells from the systemic circulation support that notion. Recently, the genomics of primed wound site neutrophils have been reported. Consistent with our findings, it was found that the gene expression pattern of wound site neutrophils do not match that of peripheral blood cells (49) . After migration to skin lesions, neutrophils demonstrated a significant transcriptional response including transient antiapoptotic priming. Among the upregulated genes were cytokines and chemokines critical for chemotaxis of macrophages, T cells, and neutrophils and for the modulation of their inflammatory responses. Neutrophils in skin lesions downregulated receptors mediating chemotaxis and antimicrobial activity, but upregulated other receptors involved in inflammatory responses. Our results demonstrate that psychological stress in humans clearly impacts the transcriptome of wound site neutrophils. Overall, psychological stress has a suppressive effect on inducible gene expression in the marginated neutrophils. Stress had an overall negative impact on cell cycle and survival genes. Genes encoding mitochondrial proteins that participate in energy metabolism, as well as those encoding proteins involved in posttranslational proteosomal processing of proteins, were downregulated in wound site neutrophils in response to psychological stress.
Annexin 1 represents an injury-inducible gene (28) that supports an endogenous anti-inflammatory mechanism (36) , including the ability to phagocytose (51) . Psychological stress downregulated annexin 1 ex-pression while up-(48) both of which are known to be elevated under conditions of stress (17, 21) . Other proinflammatory genes that were upregulated in response to stress include and Egr-1 (1, 4, 13) . Among the inflammation-related genes, stress downregulated the expression of toll-like receptor 1. Toll-like receptor 1 supports critical functions such as the activation of NF-βB, detection of bacterial infection, macrophage activation and positive regulation of interleukin-6, and tumor necrosis factor-α biosynthesis. Stress also downregulated the expression of chemokine (C-X-C motif) receptors. These receptors play a key role in maintaining circulating neutrophil homeostasis by rapid recruitment of neutrophils from the marrow during inflammation (47) . Signal transduction/transcription represented the functionally defined category of stress-inducible genes with most candidates. RalGDS, a signaling mediator regulating cytoskeletal rearrangement (5) such as during phagocytosis, was upregulated in response to stress.
In sum, this work presents first evidence demonstrating that psychological stress may clearly impact the transcriptome of wound site neutrophils. Overall, stress downregulated inducible gene expression. Functionally, stress tilted the balance towards genes encoding proteins responsible for cell cycle arrest, death, and inflammation. Further effort to gain a more comprehensive understanding of the functional significance of such behavior-genome interaction is warranted.
